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The aim of this thesis is to investigate the growth and characterisation of compound semiconductors on
germanium (Ge) substrates. Also properties of detector applications and novel Ga(In)NAs compounds are
presented on Ge substrates. The epitaxial growth is performed using metalorganic vapour phase epitaxy
(MOVPE) technique.
The nucleation of zinc blende lattice compound semiconductors on the surface of diamond lattice Ge are
highly aﬀected by diﬀerent growth conditions such as temperature, growth rate and partial pressure of source
materials. Thus, thorough characterisation of the fabricated structures and optimisation of the growth pa-
rameters are required. Three-dimensional island formation was observed for initial growth phases of GaAs
and In(Ga)As on Ge. The properties of the self-assembled islands were investigated using atomic force mi-
croscopy (AFM). In0.5Ga0.5As islands grown at low temperature of 550
◦C showed a high areal density of
3.5 × 1010 cm−2 and uniformity in size. For grown GaAs layers the high initial island density and uni-
formity enables homogeneous coalescence of the islands as the growth is continued and results in smooth
two-dimensional GaAs surfaces already at small layer thicknesses.
The crystal and optical properties of GaAs and Ga(In)NAs layers were investigated using high resolution
X-ray diﬀraction (HRXRD), synchrotron X-ray topography (SXT) and photoluminescence (PL). In SXT
measurements a 650 nm thick GaAs layer grown on Ge showed very small dislocation density of 250−500 cm−2.
The value is better than was found by SXT for the vapour pressure controlled Czochralski (VCz) grown GaAs
substrates. The growth of GaAs on misoriented Ge substrate results in a tilt angle between the lattice planes
of the substrate and the layer. For these structures it was shown that a speciﬁc HRXRD setup, in which
the diﬀraction plane is parallel with the step edges on the Ge surface, enables accurate measurements and
analyses of the structures.
From a GaInNAs multi-quantum well structure on Ge photoluminescence at telecommunication wavelength
of 1.55 µm was obtained. From the HRXRD and PL results a nitrogen incorporation of about 5 % was
determined for the quantum wells. Also for a GaAs/Ge matrix detector structure a record low leakage
current of 3× 10−9 A/cm2 was obtained at 77 K. From arsenic diﬀusion based matrix detector fabricated on
Ge substrate an excellent resolution of 220 eV at 5.9 keV and 400 eV at 60 keV was measured.
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Tyo¨ssa¨ ka¨sitella¨a¨n yhdistepuolijohteiden kasvua germaniumalustakiteille seka¨ rakenteiden karakterisointia.
Tyo¨ssa¨ esiteta¨a¨n myo¨s tuloksia germaniumiin perustuvista ro¨ntgendetektoreista ja germaniumille valmis-
tetuista tietoliikenneaallonpituuksilla emittoivista GaInNAs-rakenteista. Yhdistepuolijohteet valmistettiin
metallo-orgaanisella kaasufaasiepitaksilaitteistolla (MOVPE).
Kasvuolosuhteet kuten la¨mpo¨tila, kasvunopeus ja la¨hto¨aineiden osapaineet kasvureaktorissa vaikuttavat
merkitta¨va¨sti sinkkiva¨lkehilaisten yhdistepuolijohteiden nukleaatioon timanttihilaisen germaniumin pin-
nalla. Na¨iden useiden kasvuparametrien optimointi edellytta¨a¨ yksityiskohtaista rakenteiden karakterisointia.
GaAs- ja In(Ga)As-yhdisteiden kolmiulotteista saarekemuodostumista tutkittiin atomivoimamikroskoopilla.
Matalassa 550◦C:een kasvula¨mpo¨tilassa valmistettujen kooltaan hyvin homogeenisten itseorganisoituneiden
In0.5Ga0.5As-saarekkeiden tiheydeksi mitattiin 3.5 × 10
10 cm−2. Suuri saareketiheys ja homogeeninen koko
mahdollistavat saarekkeiden yhdistymisen pienempina¨ kun kasvatusta edelleen jatketaan. Ta¨ma¨ nopeuttaa
valmistettavan GaAs kerroksen kasvumoodin muuttumista kaksiulotteiseksi kasvuksi ja tasainen pinta muo-
dostuu pienemmilla¨ kerrospaksuuksilla.
Na¨ytteiden kidelaatua ja optisia ominaisuuksia tutkittiin ka¨ytta¨ma¨lla¨ ro¨ntgendiﬀraktometria¨,
ro¨ntgentopograﬁa- ja fotoluminesenssimittauksia. Ro¨ntgendiﬀraktiossa vaikeutena ovat Ge-alustakiteen
ja epitaktisten kerrosten suhteessa toisiinsa kallistuneet hilatasot. Rakenteiden mittaamisen mahdollistaa
erityinen mittausgeometria, jossa alustakiteen askelreunat yhtyva¨t diﬀraktiotasoon. Ro¨ntgentopograﬁalla mi-
tattiin germaniumille valmistetusta 650 nm:n paksuisesta GaAs-kerroksesta eritta¨in alhainen 250−500 cm−2
dislokaatiotiheys.
Germaniumille valmistetusta GaInNAs-kvanttikaivokerrosrakenteesta mitattiin emissiota 1,55 µm aal-
lonpituudella, joka on yleisesti ka¨yto¨ssa¨ tietoliikennekomponenteissa. Perinteisesti komponentit na¨in
pitkille aallonpituuksille joudutaan valmistamaan InP:iin perustuvista yhdisteista¨. Ro¨ntgendiﬀraktio- ja
fotoluminesenssimittauksista GaInNAs-kvanttikaivojen typpipitoisuudeksi ma¨a¨ritettiin 5 %. GaAs/Ge-
matriisidetektorirakenteille mitattiin enna¨tyspieni vuotovirrantiheys 3 × 10−9 A/cm2 77 K:n la¨mpo¨tilassa
ja arseenidiﬀuusiolla valmistetuista Ge-matriisidetektoreista mitattiin erinomainen 220 eV resoluutio 5,9 keV
energialla ja 400 eV resoluutio 60 keV energialla.
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1 Introduction
Semiconductors are practically found almost from every electrical device.
The continuous research of novel material solutions and development of
fabrication methods enables new and more advanced devices in our live
frequently. Optical telecommunication technology and optical data stor-
age is based on semiconductor lasers and light emitting devices (LEDs) are
gradually substituting incandescent lamps in various applications. These
advanced components require nearly perfectly controlled epitaxial growth
of compound semiconductors. The ability to control the alloying of binary
compounds and the possibility to fabricate coherently strained thin lay-
ers with sharp interfaces enables tailoring of the electronic band structure
(∼ i.e., ”colour of light”) of compound semiconductors. Semiconductors are
also essential when receiving radiation, that is, in detecting instruments and
in solar cells. Using compound semiconductors the performance of these de-
vices can be further enhanced.
1.1 Germanium material
The element germanium was discovered by a German chemist C. Winkler
in 1886. Prior to that in 1871 the existence of an element later know as
germanium was predicted by D. Mendeleev. Germanium is a group four
element along with carbon, silicon, tin and lead from which Ge and Si are
widely used as semiconductors. Ge has a diamond lattice that is composed
of two interpenetrating face centred cubic (FCC) lattices, one displaced
1/4 of a lattice constant in each direction from the other. Each site is
tetrahedrally coordinated with four other sites in the other sublattice. Zinc
blende lattice, e.g., GaAs is almost similar to the diamond structure but the
two FCC sublattices are of different atoms. The main uses of Ge material
are transistors, dopant material in optical fibres and substrates of epitaxial
growth of III-V compounds. The very first transistor in 1947 was made of
1
2Ge and Ge has superior transport properties compared to Si but lacks a
high quality oxide for passivation [1]. Recently several studies have been
published demonstrating high-k gate dielectric metal-oxide-semiconductor
(MOS) transistors based on Ge [2–5].
1.2 Germanium heteroepitaxy
When considering epitaxial growth the two vital issues are the crystal struc-
ture and the lattice constant of the substrate material. The lattice constant
of non-polar Ge is 5.6578 Å at room temperature having only a 0.07 %
difference if compared to polar GaAs lattice constant of 5.6537 Å. Different
lattice constants and photon energies of the most relevant materials are pre-
sented in Fig. 1.1. The suitable value of Ge lattice constant enables several
semiconductor compounds to be grown on it without any significant strain
field to be built up. Currently the most important application of germa-
nium substrates are solar cells used in satellite’s power supply. Also Hall
sensors, detectors and light emitting diodes are manufactured on Ge and its
lattice constant enables almost strain free growth of distributed AlAs/GaAs
Bragg reflectors for vertical cavity structures. The initial growth of GaAs
on Si is very analogous with polar-on-nonpolar growth cycle if compared
to GaAs on Ge [6–11]. Unfortunately, the small lattice difference is not
the case with GaAs-Si system. However, compositionally graded SixGe1−x
layers on Si substrates appear to be solution as a graded lattice constant in-
terlayer that can eliminate the mismatch between several III-V/Si materials
[12, 13]. Using this SixGe1−x step grading so called virtual Ge substrates
with dislocation densities of 1× 106 cm−2 have been demonstrated [12, 14].
This also encourages further to study heteroepitaxy on Ge substrates.
For many applications it is possible to choose between the GaAs and Ge
substrate. Compared to GaAs substrates Ge substrates are available in
larger size up to 14" diameter wafers with very small dislocation density.
For GaAs wafers corresponding values are 6" and lowest dislocation densi-
ties are around 1500 cm−2 (publication IV). Ge wafers are also available
as very high purity with impurity concentration of about 1010 cm−3. Ge
has higher mechanical strength, thereby allowing thinner substrates that
reduce cost and weight for instance in solar cell applications where large
area is a necessity. The weight reduction is especially substantial for the
space solar cells. Ge has higher thermal conductivity than GaAs providing
better cooling for electronic components and cooling can be further en-
hanced using the thinner substrates. Also important viewpoint is that Ge
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Figure 1.1. Band gaps and lattice constants of the most relevant
semiconductor materials related to germanium.
is a non-toxic element whereas, e.g., with GaAs caution is necessary. The
reason that GaAs is by far more popular as substrate material than Ge in
most optoelectronic components is the ease of the homoepitaxy and the fact
that there are two fundamental difficulties concerning polar on non-polar
heteroepitaxy: i) interfacial diffusion during the high temperature growth,
and ii) formation of antiphase domains (APD). The diffusion of Ga and As
into the Ge substrate during the growth is known to create p- and n-type
doping, respectively. Arsenic has larger diffusion coefficient than Ga and
diffuses deeper into Ge possibly introducing a p-n junction into Ge [15, 16].
Also Ge diffuses into epitaxial GaAs creating impurities. The diffusion can
be reduced using lower growth temperatures (publication I), higher growth
rates [17], and suitable buffer layers [18]. The second difficulty, the APDs are
domains of opposite orientation and are separated by an antiphase bound-
aries (APBs) consisting of As-As or Ga-Ga bonds. The APDs are formed
by either i) incomplete prelayer coverage, where the growth starts from Ga
or As atom at different surface areas on Ge or ii) by steps of odd height
on Ge surface. The formation of APDs can be effectively hindered using
misoriented Ge substrates. These issues are more precisely presented in
chapter 3.3. The epitaxial growth on Ge substrates is mainly performed by
metalorganic vapour phase epitaxy (MOVPE) and molecular beam epitaxy
(MBE). Several studies concerning GaAs heteroepitaxy on Ge have been
published using MOVPE [17, 19–29] or MBE [15, 30–38].
41.3 Structure of thesis
The aim of this overview is to present a summary of results gained in pub-
lications I-VIII, where the growth of GaAs based heterostructures on Ge
substrates is described from the very first nucleation phases to the actual
applications. The thesis mainly covers experimental viewpoint to the char-
acterisation and growth by MOVPE of the presented heterostructures. The
following chapter focuses on the background of MOVPE technique and con-
siders more extensively surface kinetics limited growth regime, which plays
a crucial part in most grown structures. The chapter also compares MBE
and MOVPE techniques and briefly describes the MOVPE equipment used
in this study. In the third chapter nucleation of different compound semi-
conductors on Ge surface is presented. In the same chapter for the GaAs
material the phases of nucleation and initial growth conditions resulting into
high quality epitaxial layers on Ge are summed up. Chapter 4 introduces
high resolution X-ray diffraction method and its setup to characterise tilted
structures on misoriented substrates. In the same chapter high resolution
X-ray diffraction topography technique using synchrotron radiation is de-
scribed and its application to the study of dislocations is presented. Also
in this chapter optical characterisation using photoluminescence analyses is
presented. In chapter 5 the most important applications fabricated on Ge
substrates are introduced including a short review of solar cells and results
from Ge matrix detectors as well properties of dilute nitride GaAsN layers
and GaInNAs quantum well structures on Ge. Finally, the discussion is
summarised in chapter 6
2 Metalorganic vapour phase
epitaxy
Metalorganic vapour phase epitaxy is a non-equilibrium growth technique
suitable for complex electronic structures. The technique was first devel-
opment by Manasevit et al. at the end of the 1960’s to grow single crystal
GaAs films on insulator substrates [39]. Since that MOVPE has become
the main fabrication technique over liquid phase epitaxy (LPE) and MBE
for III-V semiconductors including gallium nitride materials.
In MOVPE technique the atom of interest is obtained by a chemical reac-
tion from a metalorganic molecule. The metalorganic source materials have
a high vapour pressure and can be transported into the growth reactor via
high-purity carrier gas, usually hydrogen. The source materials, i.e., precur-
sors decompose in the growth reactor just above and on a heated susceptor
and the adatoms diffuse to the surface of the growth substrate and nucleate
forming, e.g., a GaAs crystal.
The growth pressure range in MOVPE is usually from atmospheric pressure
down to 10 hPa. Group III precursors in MOVPE technique are metalor-
ganic compounds such as trimethylgallium (TMGa, i.e., Ga(CH3)3). For
group V precursors both metalorganics such as tertiarybutylarsine (TBAs,
i.e., (CH3)3CAsH2) and hydrides such as AsH3 can be used. The hydrides
are more cost effective and especially favoured in industrial production.
However, the metalorganic precursors are much safer and suitable for low
temperature growth, as in this study, since their decomposition temperature
is lower. In MOVPE technique it is essential that high purity metalorganic
source materials, containing less than 1 ppm of individual impurities such
as copper and iron, are available. From the carrier gas, which usually also
acts as a growth ambient, impurities are removed very effectively using dif-
fusion through a palladium foil (used for the growths in publications II, III,
and VI), or using passive solutions based on organometallic polymers with
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6reactive functional groups (used for the growths in publications I, V, VII,
and VIII). No difference in purity between these two purification methods
was noticed.
2.1 Growth regimes
In MOVPE growth three different regimes are recognised, that depend
mainly on the growth temperature: i) surface kinetics limited growth, ii)
mass transport limited growth and iii) temperature limited growth. The
separation between different regimes is not always well-defined and two
growth regimes can occur partly simultaneously. Growth can be sepa-
rated into thermodynamics, kinetics, hydrodynamics and mass transport
processes. Fig. 2.1 shows the different simplified processes that occur during
the growth in MOVPE. The thermodynamics determines the driving force
for the growth and kinetics defines the rate of different processes. Hydrody-
namics controls the flow of the source materials close to the substrate and
mass transport describes the diffusion through the boundary layer, where
the carrier gas flow velocity is decreased towards solid/vapour interface.
In the temperature limited growth regime, which occurs at high tempera-
tures above ∼ 800◦C, the deposition is mainly affected by the desorption
of atoms from the growth surface. Also due to the high temperature an
masstransport
decomposition
adsorption nucleation
desorption of co-product
Ga
surface diffusion
substrate
desorption
CH3
As
Figure 2.1. Fundamental processes occurring in the MOVPE
growth.
7increased number of prereactions is likely to happen. Usually the growth of
gallium nitride based layers is performed at these elevated temperatures.
Mass transport limited growth is referred to as conventional growth regime
and occurs roughly between 550− 800◦C. There the input partial pressure,
i.e., the flux of group III precursors defines the growth rate and composition
of the forming epitaxial layer. The growth rate is roughly independent of
temperature as the mass transport controls the diffusion across the bound-
ary layer. The surface reactions of group III atoms are fast and the surface
desorption is minimal. The group V atom incorporation is self-limiting
and their input partial pressure is maintained higher than group III partial
pressure. This indicates that the layer growth is typically insensitive to the
input V/III ratio in the mass transport limited regime.
The challenging and interesting growth regime is the surface kinetics limited
mode. The growth temperatures in this regime are lower than in the mass
transport limited growth regime starting from about 600◦C and reaching
as low as 400◦C. Difficulties are encountered as the precursors decompose
incompletely, and co-products are not necessarily desorbed from the sample
surface. For example, incomplete decomposition of TMGa induces reduced
growth rate and compositional modifications in InGaAs epitaxial layers.
As already mentioned above, TBAs decomposes more efficiently at lower
temperatures than AsH3 and also TEGa can be used instead of TMGa [40].
The group V atom incorporation is self-limiting but the input V/III molar
flow ratio has only a narrow growth window. A thorough study about
metalorganic source materials for vapour phase epitaxy is presented in a
review article by A. Jones [41]. Most of the dilute nitride and quantum dot
(QD) structures are grown in the surface kinetics limited regime. However,
the surface kinetics become more important even in the mass transport
limited regime as the growth pressure is lowered and mass transport becomes
faster. This is due to the increase of the mean time between collisions in
the gas phase with decreasing pressure.
2.2 Application of surface kinetics limited growth
regime
The surface kinetics limited growth enables fabrication of certain struc-
tures, which are difficult to obtain in other growth regimes. For example,
lowering the growth temperature and increasing the growth rate shortens
8the diffusion length and enables fabrication of InGaAs QWs with higher
indium concentration than traditionally [42]. Here the idea of suppressing
three dimensional (3D) growth has made it possible to grow high quality
InGaAs QWs with high In content enabling luminescence around 1.2 µm
as presented in publication VII. For GaInNAs structures it is also essential
that growth temperature is maintained low as the desorption of volatile N
adatoms from the substrate surface must be suppressed for higher nitrogen
incorporation efficiency (publication VII, [43]).
For self-assembled quantum dots the growth is kinetically controlled by sur-
face adatom diffusion [44] and island size and shape can be controlled. The
used growth temperatures (∼ 400 − 550◦C) are low compared to conven-
tional MOVPE temperatures. Increasing growth temperature increases the
lateral surface diffusion length causing islands to grow larger reducing the
areal island density as shown in Fig. 2.2 (publications II, III).
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Figure 2.2. Height and areal island density of self-assembled InAs
islands directly deposited on Ge substrate as a function of growth
temperature. The behaviour is well described by kinetics limited
growth. The growth temperatures are thermocouple readings.
On Ge substrate the initial growth phases of a GaAs buffer layer can be
controlled via surface kinetics. In publication I high quality GaAs crystals
were grown on Ge at low growth temperature of 530◦C (all the growth
temperatures mention in the overview are thermocouple readings) with very
low nominal V/III input ratio of 3.5 utilising the surface kinetics limited
growth regime. The GaAs buffer layer growth occurs initially in 3D island
nucleation mode, where islands nucleate on the substrate and grow in size
until they coalesce. In publication I we showed that lowering the growth
9temperature leads to increased island density and so reduces the island size
for the coalescence resulting in smoother final surfaces. Chapter 3.3 shows
that the reconstruction of the Ge surface is as well temperature dependent.
The lower growth temperature also introduces substantial decrease of the
undesirable diffusion of As into the Ge substrate.
2.3 MOVPE equipment
Two MOVPE systems shown in Fig. 2.3, installed in the Optoelectronics
laboratory of Micronova were used to fabricate the samples presented in
this study. Both systems are manufactured by Thomas Swan Scientific
Equipment Ltd. The gas distribution system of these two systems is very
similar but they differ significantly in their reactor design. The system that
was used to grow self-assembled islands of publications II and III has a
1" horizontal reactor and the group III and V input precursors are mixed
some centimetres before the halogen lamp heated susceptor tilted a few
degrees towards the gas flow. Results in publication I concerning GaAs
buffer growth on Ge were carried out in a 3× 2” close coupled showerhead
(CCS) reactor. Both systems were used for the fabrication of dilute ni-
tride samples. In the CCS design the group III and V precursor flows are
brought to the showerhead in separate manifolds and introduced into the
reactor from separate microtubes in the showerhead. Substrates are placed
on the susceptor some millimetres below the showerhead. The susceptor is
heated from below by a resistive tungsten heater. The overall design pre-
vents precursor prereactions effectively and ensures intermixing of different
precursors for homogeneous growth. The design also enables comfortable
scalability of growth parameters from these small research reactors to high
throughput industrial size reactors with possibility to grow several tens of
2" wafers in one growth run.
Fig. 2.4 shows the schematic of the gas distribution system and the reactor
layout of the Thomas Swan CCS system. The bubblers are situated in
temperature stabilised baths. The purified carrier gas flow is adjusted by
mass flow controllers (MFC) through the bubblers, which contain the liquid
source materials at controlled pressures. The pressures in the bubblers
is adjusted by pressure controllers (PC) connected to the vent lines. The
carrier gas is saturated with the metalorganic source material and the output
flow is again controlled with one or two separate MFCs and possibly with a
dilution line if small molar flows of source material are required. The group
III and V source materials are directed prior to the growth into the vent lines
10
Figure 2.3. MOVPE systems supplied by Thomas Swan Scientific
Equipment installed in Optoelectronics laboratory, Micronova.
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Figure 2.4. Simplified schematic layout of vertical reactor
MOVPE system showing the gas distribution system.
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to stabilise the precursor flow and switched into the reactor only during the
growth of the specified layer. All gas lines are also held at constant pressure
independent of the source material flows.
In this study, in addition to the already mentioned TBAs and
TMGa, other precursors involved were trimethylindium (TMIn) and 1,1-
dimethylhydrazine (DMHz). Disilane (Si2H6) gas was used as an n-type
dopant source for GaAs. Currently the MOVPE system with 3 × 2” CCS
reactor has also TMAl, TPB, CBr4 and Cp2Mg metalorganic sources and
NH3 gas connected.
2.4 Comparison of MOVPE and MBE techniques
Most of the applications on Ge substrates are manufactured using MOVPE
technique which is more suitable for commercial production than MBE.
MOVPE technique has advantages over MBE such as lower maintenance
needs, higher up-time, higher throughput and lower costs. In MBE reactive
material atoms and molecules are delivered in separately controlled beams
enabling lower growth temperatures and easiness of controlling the growth.
Being a high vacuum system, the prereactions and background impurities
are a smaller concern in the MBE systems than in MOVPE. For the MBE
growth of GaAs/Ge heterostructures conflicting initial growth conditions
were first presented. During the 1980’s Chand et al. reported that As2 ex-
posed surfaces lead to smooth APD-free GaAs [15]. During the 1990’s it was
reported that a Ga monolayer prevents the formation of a high step den-
sity surface producing good surface morphology for gas-source MBE-grown
GaAs layers on Ge [34]. It was also reported that an As4 flux preserves
double step structure providing APD-free growth of GaAs for the solid-
source MBE [36]. In 2001 W. Li et al. concluded for both SSMBE and for
GSMBE that initial exposure to either cracked arsine or As2 was crucial to
obtain APD free growth of GaAs on Ge [37]. Promising results have been
produced by low temperature migration enhanced MBE, where As and Ga
atom fluxes are in turns switched to the substrate [35, 37]. However, up to
date the possibility in MOVPE growth to introduce high partial As pressure
in relatively high reactor pressure favours MOVPE technique over MBE for
GaAs on Ge heteroepitaxy.
3 Interfacial phenomena
In this chapter the reconstruction of Ge surface and nucleation theories
of polar-on-nonpolar semiconductor from several results and publications
is presented. The effects of initial growth conditions are studied via di-
verse self-assembled islands deposited on germanium substrates inspected
by atomic force microscope. Also island formation on Ge and GaAs sub-
strate is compared. Finally, a general view into formation of high-quality
GaAs buffer layer is illustrated.
3.1 Nucleation morphology
Surface morphology of the samples was probed with NanoScope E atomic
force microscope (AFM) presented in Fig. 3.1. The sample was positioned
in close vicinity of Si3N4 probe tip at the end of flexible cantilever. The
cantilever is affected by the van der Waals and Coulomb forces between the
sample surface and the probe tip. The sample is moved in lateral direction
to perform an image scan. The images of islands were probed using the
AFM in a contact mode, where piezo electronics moves the sample also in
the vertical direction to maintain the differential of the two different detec-
tor output values at zero. The vertical movement gives the actual height
information of the scan. The operating principle is schematically showed in
Fig. 3.2. The antiphase boundaries of GaAs buffer layers reaching the sam-
ple surface were more clearly detected using the AFM in deflection mode
were a derivative value of height information is gained. In the deflection
mode only the differential signal is measured and converted as height infor-
mation.
The growth of self-assembled islands was studied by depositing InAs and
nominally In0.5Ga0.5As material directly on a Ge surface. Numerous studies
concerning In(Ga)As QDs on GaAs substrates have been reported, few rel-
12
13
Figure 3.1. Atomic force microscopy Nanoscope E from Veeco
installed in Optoelectronics laboratory, Micronova.
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Figure 3.2. Generic layout and operating principle of AFM.
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Figure 3.3. Three-dimensional view of nominally 2 monolayers
of In0.5Ga0.5As deposited directly on Ge at 550◦C forming self-
assembled islands. The bars on top left present vertical and hori-
zontal scales of the AFM scan.
evant ones using MOVPE [45–49] and MBE [44, 50–57] can be pointed out.
Fig. 3.3 shows an example of 2 monolayers of In0.5Ga0.5As deposited on Ge
forming three-dimensional islands. The deposition thickness of compound
semiconductors here is presented in terms of the equivalent monolayer cov-
erage for layer-by-layer growth, where a monolayer corresponds to a half of
the lattice constant of the grown epitaxial material.
The size, height and density of formed islands as function of growth tem-
perature and coverage were investigated (publication II) and compared to
similar growth sequences on GaAs material in publication III. The den-
sity of both the InAs and In0.5Ga0.5As islands was found to behave almost
identically on both surfaces. However, the initial island formation and the
average size and height of the islands were found to differ severely between
Ge and GaAs substrates as shown for In0.5Ga0.5As islands in Fig. 3.4.
At low temperature of 550◦C In0.5Ga0.5As growth on GaAs appears in the
Stranski-Krastanow (SK) growth mode, where an uniform two-dimensional
layer-by-layer growth up to the critical thickness is followed by a three-
dimensional island growth [44]. The same SK growth mode applies to InAs
islands on GaAs [50, 51] but lower growth temperature can be used as this
enhances the island density and homogeneity [44]. Surface free energy of
InAs/In0.5Ga0.5As is lower than that of GaAs and the epitaxial layer wets
the GaAs surface. Driving force for the three-dimensional growth is the
lattice mismatch between InAs/In0.5Ga0.5As and GaAs. The epitaxial film
grows as strained and as the strain energy builds up, the relation between
the surface energy and the strain energy eventually causes the film to un-
dergo an elastic deformation to form 3D island growth. In publication III
for In0.5Ga0.5As on GaAs this occurred at coverages above 3.5 ML as in-
dicated in Fig. 3.4. For the InAs islands the critical thickness is reported
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Figure 3.4. Formation of In0.5Ga0.5As self-assembled islands on
both Ge and GaAs substrates. Average island height as a function
of deposition thickness is presented for islands grown at 550◦C with
V/III ratio of 10. Due to the development of two-dimensional wet-
ting layer no island formation is detected on GaAs for deposition
of less than 3.5 monolayers.
to be about 1.5 ML [58]. The reduction in critical thickness for InAs as
compared to InGaAs is because of the increased epitaxial mismatch. The
formed In(Ga)As islands can be dislocation-free and the lattice mismatch is
entirely accommodated by an elastic distortion, thereby the growth mode
is called coherent Stranski-Krastanow growth.
Fig. 3.4 shows that when In0.5Ga0.5As is deposited on Ge the formation of
three-dimensional islands occurs already at submonolayer thicknesses. In
this Volmer-Weber growth mode the added material can minimise its free
energy by trading increased surface area for decreased interface area, i.e.,
forming 3D islands. In publications II and III the submonolayer forma-
tion of islands was observed both for InAs and In0.5Ga0.5As materials on
Ge. Fig. 2.2 of chapter 2.2 shows that the InAs island density has expo-
nential dependency on temperature. At increased growth temperatures the
decrease in the island density is due to the adatom surface diffusion lengths
as the increased lateral and vertical diffusion lengths cause islands to grow
higher and larger in diameter [44]. Fig. 3.5 shows top view AFM images
of In0.5Ga0.5As on Ge with different 0.4, 1.0, and 4.0 ML coverage. A very
low density of islands is already seen for the 0.4 ML deposition indicating
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Figure 3.5. Top view AFM images of In0.5Ga0.5As islands on Ge
with different deposition thicknesses indicated in the images. The
horizontal scale is presented by bars and the full height scale is
about 50 nm.
that no two-dimensional wetting layer is formed but the material starts to
form directly three-dimensional islands. In publication III the island den-
sity was found to increase super-linearly as function of deposition thickness
for less than 3 ML coverage. However, the growth temperature remains
as dominating tool for controlling the island density. After 3 ML coverage
the island density saturates and due to the island coalescence the density
starts to decrease after 4.5 ML coverage. Very high density over 1010 cm−2
with uniform island size of both InAs and In0.5Ga0.5As islands on Ge was
achieved at the growth temperatures of 450◦C and 550◦C, respectively.
3.2 Initial growth phases of GaAs
Regardless of the fact that GaAs on Ge has a very small lattice mismatch
of −7 × 10−4, the nucleation and growth of GaAs is observed to occur
by the formation of islands with faceted boundaries [17, 30–32]. Similar
behaviour has been obtained for GaAs on Si [6–8] and GaP on Si [11, 59,
60] material systems. In publication I GaAs layers were deposited on Ge
substrates both in kinetics and mass transport limited growth regimes. The
nucleation mechanism was studied by depositing fairly thin (∼ 20 ML)
layers of GaAs on Ge at different growth temperatures. After the growth the
surface morphology was characterised using AFM. From Fig. 3.6 it can be
verified that the initial growth appears in 3D mode for the GaAs epitaxy on
Ge substrates. However, distinctions in the nucleation process are evident
for different growth temperatures.
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As more GaAs is deposited, the islands grow in size until they touch each
other and form a two-dimensional epitaxial layer. For this coalescence pro-
cess the island density and size distribution are crucial parameters. The
optimisation of coalescence process is extremely important to provide high-
quality buffer layer for the device growth. When two islands coalesce there
may remain a grain boundary between them or they may form a boundary-
free area. Surface energies are the factors that control this process through
material transport by surface and bulk diffusion. At low, kinetics-limited
growth temperatures (∼ 530◦C, Fig. 3.6a) the surface diffusion enhances
the island density and the coalescence of the islands takes place at smaller
and likely more uniform size. This controlling of coalescence enables forma-
tion of smooth mirror-like two-dimensional surface as the growth is further
carried on. If the growth temperature is raised (∼ 620◦C, Fig. 3.6b) the 3D
growth mechanism is maintained confirming that the 2D growth actually
represents the equilibrium situation rather than being kinetic limitation.
However, the island density is reduced inducing the coalescence of the larger
and inhomogeneous islands. At high temperatures (∼ 700◦C, Fig. 3.6c) the
nucleation of GaAs is converted to form hut clusters. S. Onozawa et al.
discovered these small stick like clusters for GaAs grown on Si in 1988 [10]
and Y. Mo et al. named them as huts in 1990 when they studied the
transition from 2D to 3D growth of Ge deposited on Si substrates using
scanning tunnelling microscopy (STM) [61, 62]. These huts are believed to
be metastable, an intermediate step towards formation of larger clusters. In
publication I they were found to have their principle axes strictly along two
orthogonal 〈100〉 directions and rough final surface morphology was found
when deposition time was increased.
Figure 3.6. Nucleation and initial growth phases of GaAs on Ge
at various growth temperatures. For (a) and for (b, c) the V/III
ratio was 3.5 and 60, respectively. The horizontal scale is presented
by bars in the images and the height scale is 30 nm for the (a) and
50 nm for the (b, c).
18
3.3 Ge surface reconstruction and morphology of
GaAs layers
L. Bobb et al. already suggested during 1960’s that the epitaxy of polar
zinc blende lattice onto non-polar diamond lattice structure can result in
two orientations in which the As and Ga sublattices are exchanged, i.e. the
GaAs crystals have a 90◦ rotation about a [001] axis in contrast with each
other as shown in Fig. 3.7 [63].
Mostly during late 1980’s and 1990’s several groups presented somewhat
different nucleation models for GaAs on Si and on Ge based on difference in
growth temperature, As partial pressure, initial exposure to Ga or As flux
and misorientation of the substrate [21, 33, 64–69]. Both Y. Li et al. and
S. Ting et al. presented two different nucleation models, that were based on
experiments performed in atmospheric pressure MOVPE reactor for GaAs
on Ge. In 1994 Y. Li et al. introduced a model where sublattice orientation
of polar GaAs material grown on nonpolar Ge material is defined by the
relative amount of nucleation at the steps and on terraces between the steps
[21]. The two possible sublattice orientations are presented in Fig 3.8 when
grown on a (100)-oriented Ge substrate. Y. Li et al. assumed that if GaAs
initially nucleated at surface steps the sublattice orientation follows GaAs-A
[001]
[100]
[010]
Ga
As
Figure 3.7. Two possible orientations of the GaAs with zinc blende
structure. The GaAs crystals have different orientation correspond-
ing 90◦ rotation about a [001] axis.
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Figure 3.8. Two orientations of GaAs sublattices on Ge. The
dominant orientation is defined by kinetics and energetics effects.
and if it initially nucleated at the surface terraces the sublattice orientation
follows GaAs-B as presented in Fig 3.8. It was stated that subsequent
large misorientation angle can suppress the formation of APDs completely.
Y. Li et al. also presented model how APBs self-annihilate due to the over-
growth of dominating sublattice orientation for the substrates with small
misorientation angles [22–24]. However, no mechanism was presented to
explain why nucleation would occur differently on the surface terraces and
on the steps.
In 2000 S. Ting et al. presented a model based on dimer orientations and
their temperature dependence on MOVPE grown GaAs on Ge(100) surface.
The model based on several earlier studies and results presented by several
research groups [65, 68, 70–72]. S. Ting et al. performed the experiments
using a MOVPE reactor but were also able to compare the gained results
and models with their earlier studies using MBE system. In MBE there are
powerful monitoring systems such as reflection high-energy electron diffrac-
tion (RHEED) and low energy electron diffraction (LEED), which are es-
sential tools when determining the nucleation and early growth phases in
situ. Several studies show that on reconstructed Ge surfaces the arsenic
atoms readily adsorb and dimerise in the place of substrate atoms [65, 68].
The resulting arsenic passivated surface is inert and self-limited to one ML
coverage. Based on these results GaAs on Ge nucleation can be represented
as additive and displacive dimerisation model. In additive dimerisation the
As-As dimer orientation becomes perpendicular to the step edges on the Ge
substrate. In displacive dimerisation the As-As dimers are oriented paral-
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Figure 3.9. Arsenic dimer rotation on double step Ge surface via
atomic arrangements. GaAs-A corresponds to perpendicular As-
As dimer orientation to step edges (i.e. additive dimerisation) and
GaAs-B corresponds to parallel As-As dimer orientation to step
edges (i.e. displacive dimerisation).
lel to the step edges. The different bonding of As into Ge and change in
the polarity for GaAs sublattice is presented in Fig. 3.9. In the displacive
dimerisation the As-As-dimers have displaced the first monolayer of Ge and
in the additive dimerisation no modification to the Ge surface has occurred
when As-As-dimers are nucleated on the surface. R. Bringans et al. re-
ported for GaAs on Si that different dimerisations are selected by kinetic
and energetic effects [68]. The lowest energy structure would be displacive
dimerisation, i.e., parallel dimer orientation to step edges, but in several
cases, the kinetically limited additive dimerisation, i.e., perpendicular dimer
orientation to step edges is dominate. Kinetics limitations do not enable
long enough presence of As atoms at the step edges to exchange with Ge
atoms leading to additive dimerisation.
S. Ting et al. showed using MOVPE growth that at high temperatures
(> 600◦C) the annealed Ge surface reconstruction prefers additive dimeri-
sation, and at low temperature the preference shifts to favour of displacive
dimerisation. S. Ting et al. performed a high temperature annealing of
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Figure 3.10. Different GaAs surface morphologies on Ge. (a) High
temperature growth (above 620◦C) showing elongated islands in the
perpendicular direction of atomic steps on Ge indicating GaAs-A
growth. (b) Low temperature growth (530◦C) showing elongated
hillocks in the parallel direction indicating GaAs-B growth. (c)
Antiphase boundaries reaching GaAs surface due to the use of non-
misoriented Ge substrate introducing single steps.
the Ge substrates, prior the growth, in N2 at 650◦C and concluded that the
background arsenic pressure in the reactor is suspected to be responsible for
the competing mechanism of additive and displacive dimerisations on the Ge
surface. However, in publication I the annealing of the substrates, prior to
the growth, in H2 at low 400◦C temperature was performed and similar be-
haviour to R. Bringans results was found. In publication I the AFM studies
of initial nucleation showed elongated islands in the perpendicular direction
to the step edges indicating additive dimerisation for layers deposited above
620◦C as shown in Fig. 3.10a. For the low temperature growth (530◦C) no
elongated island growth was observed likely because the island density was
very high. However, few tens of nanometres thick GaAs layer deposited at
low temperature showed hillocks oriented in parallel direction to the step
edges as showed in Fig. 3.10b. This indicates displacive dimerisation for
low growth temperatures as expected. From these results it is concluded
that high temperature annealing, prior the growth, is not necessary to have
surface reconstruction on Ge.
22
However, to have consistent As-As dimerisation on the surface is not enough
to produce antiphase boundary free crystal. The height of the surface
steps on the substrate must be equivalent to even number (double) to
have the same atom on opposite sides of the step. R. Kaplan et al. [73],
P. Pukite et al. [70] and J. Griffit et al. [71] stated that the step structure
of Si and Ge substrates is formed by two monolayer steps (here monolayer
is equivalent to 1/4 of the lattice constant of Ge or Si) and smooth terraces
between them when the substrate is misorientated towards [011]. Notewor-
thy is that for the substrates oriented exactly towards the [010] no dominant
step height could be determined. When grown on single step substrate the
growth proceeds forming antiphase domains, which are brought together by
APBs consisting of Ga-Ga and As-As bonds. APBs are found to be electri-
cally active defects and known to cause carrier scattering and nonradiative
recombination [9, 65]. In Fig. 3.11 two differently oriented APBs are pre-
sented. An APB is formed if nucleation on Ge starts for one site from Ga
and for the other site at the same step from As. Also if nucleation starts
from equivalent atom but there exists a odd step height on the substrate
between them APB is formed. Formation of such APBs is indicated in
Fig. 3.11a. In such cases there exists an equal number of Ga-Ga bonds and
As-As bonds resulting in compensated structure. However, in Fig. 3.11b
formation of an APB with localised As-As bonds is demonstrated, which
self-annihilates but results in donor-like behaviour.
An example of APBs on the surface of GaAs layer grown on a nonmisori-
ented Ge substrate is presented in Fig. 3.10c, where clear boundaries are
present. The APBs reach out trough the epitaxial layer to the sample
surface. The APBs are likely to form because a single step structure is ex-
pected as the substrate has no misorientation. Due to the low growth rate
the surface is quite smooth and the area of APDs is quite large, hundreds
of nanometers in width. In addition to the substrate misorientation several
other methods such as high group V partial pressure, low growth rate and
high growth temperature are presented to lower the APBs density of polar-
to-nonpolar epitaxy [17, 23, 74]. However, in publication I smooth surface
morphology GaAs layers were grown at low temperature of 530◦C with very
low group V partial pressure introducing V/III input ratio of 3.5. Later also
smooth surface morphology layers have been grown at 575◦C with also small
group V partial pressure. However, it was noticed in publication I that at
growth temperatures above 620◦C it is essential to have high partial pres-
sure introducing V/III ratio over 60 to achieve good surface morphology. As
it was stated that the surface dimerisation is changed around ∼ 600◦C the
effect of partial As pressure to the surface morphology for different dimer
orientations is possible.
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Figure 3.11. Formation of APBs (a) via adjacent nucleation of
Ga and As atoms and via single step on the substrate. (b) Single
steps introducing self annihilating antiphase boundary.
In conclusion, to form high quality interface between GaAs and Ge it is
essential prior to the growth to have reconstruction on the Ge surface with
either dominant displacive or additive dimerisation. To form single-domain
surface also a double step configuration on the surface of the substrate is
necessary. The reconstruction in MOVPE is mainly controlled via temper-
ature and double step formation via the misorientation of the substrate.
The misorientation exactly towards [010] is not allowed but should be, for
instance, towards [011]. The nucleation and initial growth affect mainly the
density and size of the coalesce of islands. Growth parameters that increase
the nucleated island density and reduce the size prior to the coalescence
should be favoured. The eventual growth parameters and methods depend
on whether the end application is, for example, a solar cell, a detector or a
light emitting device.
4 Crystal properties and defects
4.1 Characterisation of tilted structures by X-ray
diffraction
H. Nagai showed that heteroepitaxy on misoriented substrates results in a
tilt angle α between (100) lattice planes of the epitaxial layer and the sub-
strate [75]. The magnitude of the tilt is related to lattice constant separation
and misorientation angle via tanα = (tanε)∆d/ds. Where ε is the misori-
entation of the substrate, i.e., the angle between the Ge substrate surface
and the Ge (100) lattice planes and ∆d is the lattice parameter difference in
the growth direction of the epitaxial layer (de) and substrate (ds) [75, 76].
The tilt is built up to avoid formation of lattice defects at step interfaces as
illustrated in Fig. 4.1. The misorientation of the substrate increases the step
density as terrace widths are decreased and results in larger tilt between the
lattice planes. Correspondingly the relative difference between the lattice
constants determines the step height separation between the substrate and
the layer. In publication I X-ray diffraction was used to study tilt values of
GaAs layers grown on misoriented Ge.
High resolution X-ray diffraction (HRXRD) is an effective method to study
crystal quality, epitaxial composition, layer thicknesses, and relaxations of
semiconductors. X-rays, having the photon energy of about 8 keV, penetrate
into the sample a depth of max 10 µm. The technique is a non-destructive,
fast method to characterise the lattice structure. Fig 4.2 shows an photo-
graph of the X-ray diffraction equipment used in this study. A schematic
layout of the high-resolution diffractometer with optics and specified angles
is illustrated in Fig. 4.3.
In the X-ray diffractometer only the Cu Kα1 (1.540553 Å) wavelength is
passed through a four-crystal Ge (220) monochromator [77]. The highly
parallel and monochromatic beam enters the sample at an angle ω, and
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Figure 4.1. Formation of negative tilt of a GaAs epitaxial layer
grown on a misoriented Ge substrate. The surface normals are
described by arrows. The misorientation ε and the tilt angle α
compared to the growth direction are presented.
Figure 4.2. Inside view of PANanalytic’s X’Pert PRO MRD high
resolution X-ray diffraction system installed in Optoelectronics lab-
oratory, Micronova.
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Figure 4.3. Schematic layout of high resolution X-ray diffraction
equipment including relevant components and adjustable angles.
The diffraction plane is coincident with the paper surface.
the Bragg diffraction angle θ depends on the spacing between the lattice
planes. In a two-axis setup the signal is detected with an open detector
using a large acceptance angle of about 1◦ for 2θ. However, because of
the large acceptance angle, the open detector is unable to separate diffuse
scattering or small composition deviations. By using an analyser crystal
in front of the detector, the acceptance angle can be reduced to 12 arc
seconds for the 2θ angle [77]. This setup, the triple-axis configuration, also
increases the signal to noise ratio and enables resolution high enough for
the reciprocal space mapping of the samples. Reciprocal, or as presented
here, angular space mapping is an effective method to study samples with
tilts between the corresponding lattice planes.
When analysing heterostructures the layer thicknesses and compositions can
be found by comparing the measured ω − 2θ scan to simulated diffraction
curves. In the ω−2θ scan both the ω and 2θ are moved so that the relation
ω = θ − ε is valid, where ε is the misorientation angle of the substrate.
However, if misorientation ε is present in the heterostructure, measuring the
ω − 2θ diffraction curve is complicated as there very likely is an additional
tilt α between the lattice planes of the substrate and the layer. In such a
case two different relations ω = θ − ε and ω = θ − ε− α would be true for
the substrate and layer, respectively, and therefore no ω − 2θ scan could
easily be performed simultaneously for the whole structure.
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Fig. 4.4 shows a 004 angular space map of a GaAs epitaxial layer grown
on a 6◦ towards 〈111〉 misoriented Ge substrate. The scan is performed
in the perpendicular setup, where the step edges on the Ge surface are in
the direction of a diffraction plane normal (Fig. 4.5). The angular space
map reveals a tilt angle α of about 0.007◦ between the GaAs and Ge (100)
lattice planes. The grey horizontal line in the figure illustrates the situation
where a single ω− 2θ scan with an analyser crystal would be performed for
the structure using the ω = θ − ε relation. As can be seen, no information
about the epitaxial layer would be gained. If an open detector would be
used, with an ∆ω acceptance angle of about 0.5◦, the measured ω−2θ curve
would result approximately in a projection of the intensity in the angular
space map to the x-axis. However, this projection would result in an untrue
separation between the substrate and layer peak [78]. H. Nagai studied
InGaAs layers deposited on misoriented GaAs substrates and stated that
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Figure 4.4. 004 HRXRD angular space map of GaAs epitaxial
layers on 6◦ misoriented Ge substrate. The intensity doubles be-
tween adjacent contours. The measurement is conducted in the
perpendicular setup (i.e. the diffraction plane perpendicular to the
step edges). The amount of tilt α is found from the vertical dis-
placement of the Ge and GaAs peaks. The gray line in the figure
presents information gained if a single high resolution diffraction
scan would be performed in the same alignment.
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Figure 4.5. High resolution XRD measurement setups. a) In the
perpendicular setup (i.e. diffraction plane perpendicular to the step
edges) using ω = θ−ε relation. b) In the parallel setup (i.e. diffrac-
tion plane parallel to the step edges) using ω = θ relation when the
(ψ) angle of the sample is rotated to compensate ε. Later alignment
enables scans containing information of the whole structure.
the tilt is formed in the direction of the substrate misorientation and is not
present for the perpendicular directions, i.e., in the direction of the step
edges [75, 79]. In publication I a similar orientation of the α was confirmed
for the GaAs/Ge structure. This result enables a single ω − 2θ scan in the
triple axis setup to display information of the whole structure, provided that
the scan is performed in the parallel setup as illustrated in Fig. 4.5. In the
parallel setup the diffraction plane lies in the direction of the step edges.
The real layer thicknesses and compositions can then be obtained from a
simulation. However, to perform such a scan the ψ and φ angles of the
sample (indicated in the Fig. 4.3) must be rotated according to the amount
and direction of the misorientation ε, respectively. In such an alignment
the tilt has an minimal effect and results in an insignificant error. Fig. 4.6a
shows a 004 angular space map of the same sample as in Fig. 4.4. The scan
has been performed in the parallel setup, thus no tilt is observed in the
map as expected. In Fig. 4.6b a single 004 ω − 2θ diffraction curve scan
performed in the parallel alignment and a simulation of 188 nm thick GaAs
layer on Ge are shown. The excellent agreement between measured and
simulated curves indicates nearly perfect crystal structure and the clarity
of the fringes gives evidence of a high-quality interface between the Ge and
GaAs materials.
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Figure 4.6. (a) 004 HRXRD angular space map of GaAs epitaxial
layers on 6◦ misoriented Ge substrate when the parallel setup (i.e.
diffraction plane parallel to the step edges) is used. The intensity
doubles between adjacent contours. (b) Corresponding diffraction
curve. The dotted line shifted downwards for clarity shows a sim-
ulation of 188 nm thick GaAs layer on Ge.
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4.2 Analysing defects using synchrotron X-ray to-
pography
Synchrotron X-ray topography (SXT) is used to image individual disloca-
tions and to gain information about other extended defects. With fairly
straightforward analyses also the type and the Burgers vector of the dis-
locations can be solved [80]. The very high intensity and the wide spec-
trum of synchrotron radiation allow high resolution transmission and back
reflection diffraction images of strongly absorbing materials using rela-
tively short exposure times. The topography technique is very sensitive
to strain fields generated by different dislocations and even single misfits
can be revealed [81]. The topographs in this study were recorded in the
Hamburger Synchrotronstrahlungslabor HASYLAB using large-area trans-
mission, large-area back-reflection, section transmission and section back-
reflection geometry. Fig. 4.7 shows the schematic layout of the large-area
back-reflection topography technique. One incident and few of the numer-
ous diffracted beams are drawn in the figure. Because the germanium sub-
strates can be grown with very good quality, low dislocation and defect den-
sities are enabled in the epitaxial layers. This was proven in publications I
and V wherein mixed type threading or circular arc dislocation density of
250−500 cm−2 was determined from the topographs of a 650 nm thick GaAs
layer. In contrast to a study by E. Müller no stacking faults were found in
the topographs [82]. The most common direction of the dislocations was
determined in publication I to be [1 0 1].
The overall dislocation density of GaAs on Ge is clearly less than what was
found in high quality vapour pressure controlled Czochralski (VCz) grown
GaAs substrates studied in publication IV showing a typical dislocation den-
sity of 1500 cm−2. The strain relaxation mechanism of tensile GaAs on Ge
substrates was studied in publication V. Above critical thickness the strain
relaxes through misfit dislocations usually formed close to the interface of
the mismatched layers [83]. Fig. 4.8 shows a misfit dislocation network of a
750 nm thick GaAs layer on (001) Ge. The number of misfit dislocations is
measured from the figure to about 500-600 adjacent dislocations/cm in the
directions of [1 1 0] and [1 1 0]. For a completely relaxed GaAs/Ge structure
the saturation misfit density is calculated to be 3.8 × 105 cm−1 [17]. The
very small number of misfit dislocations of the 750 nm thick layer and the
absence of misfit dislocations in the 650 nm thick layer (in publication I)
suggest a critical thickness of about 700 nm for a GaAs/Ge structure grown
at low growth temperature of 575◦C. This value is above what is conven-
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tionally expected for the 0.07 % mismatched GaAs/Ge system. However,
because of the lower growth temperature the reduced thermal stress and
the formation of tilt via reorientation of the lattice planes are likely to en-
hance the critical thickness [75, 84, 85]. It is observed from Fig. 4.8 that in
the [1 1 0] direction the dislocations are parallel to each other whereas in the
[1 1 0] direction a small deviation angle exists between adjacent dislocations.
This observation agrees with the results of Nijenhuis et al., as they con-
cluded similar behaviour for GaAs layers grown on InGaAs substrates [86].
Nijenhuis et al. stated that under tensile stress (as the GaAs/Ge system)
a difference in the mobility between As and Ga dislocations can result in a
asymmetrical strain relief at low growth temperatures. Formation of misfit
dislocations was also studied in publication VI for GaAsN layers grown on
GaAs substrates and later for GaAsN/GaAs/Ge systems, from which the
results are presented in chapter 5.
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Figure 4.7. Schematic layout of the large area back reflection
topography technique, where the synchrotron X-ray radiation hits
the sample through a hole in the film and forms several topographs
of different lattice planes on the high resolution film.
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Figure 4.8. 004 large area back reflection topograph of 750 nm
thick GaAs epitaxial layer on (001) Ge showing misfit dislocation
network. Image size is 1.6 × 1.6 mm2 and the diffraction vector g
projection is marked with an arrow.
4.3 Optical characteristics and interfacial diffusion
In photoluminescence (PL) free carriers are excited into the material by op-
tical excitation. General information on the material quality can be gained
as electronic transitions, in particular radiative recombinations of electron-
hole pairs, are detected [87]. Several studies on luminescence of GaAs and
GaAs/Ge heterostructures have been reported concerning band structure
and n-type doping of GaAs as well as different shallow and deep levels in
GaAs/Ge structures [88–90, 90–95]. In all studies a dominant peak near
the band gap Eg of GaAs (1.519 eV at 0 K and 1.424 eV at room tempera-
ture (RT)) can be found related to donor to valence band (VB) transition
associated with germanium donor (GeGa) centres. In addition, at low tem-
peratures below 77 K following transitions are recognised: around 1.48 eV a
conduction band (CB) to germanium acceptor (GeAs) transition [93], around
1.45 eV a GeAs to arsenic vacancy VAs transition [91, 94], around 1.41 eV
a GeAs to interstitial arsenic atom (Asi) or GeAs to arsenic antisite (AsGa)
[94] and a broad lower energy line around 1.2 eV corresponding to VGa
bound to GeGa [91]. The 1.2 eV luminescence is noticed only for the n-type
samples with the carrier concentration above 1 × 1018 cm−3. Also in this
study low energy luminescence was found for the Si doped n-GaAs layers
used in the detector structures discussed in chapter 5. In addition, the
low energy luminescence could be found from some GaAs layers grown at
higher temperatures, above 620◦C. This is due to the out-diffusion of Ge
into the GaAs layer acting as a donor and introducing n-type doping into
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the GaAs layer. The discussed transitions in the GaAs/Ge structures are
presented in Fig. 4.9, which shows low temperature (T=9 K) PL spectra of
undoped GaAs (TG = 620◦C, V/III = 60, t = 650 nm and n-type GaAs
(TG = 620◦C, V/III = 60, t = 250 nm, n = 6× 1018 cm−3) layers grown on
Ge. The broadening of the luminescence spectrum with heavy n-type doping
is due to the band-filling of the CB and bandtailing as n-GaAs layer becomes
degenerate [96–98]. The out-diffusion of Ge into GaAs was also observed in
the secondary ion mass spectrometry studies in publication I, though the
diffusion of As into Ge was found to be more significant. It was stated in
publication I that two different diffusion mechanisms are responsible for the
As diffusion into high-purity Ge: i) the concentration independent diffusion
of As related to interstitial sites was found to cause high As concentration
close to the GaAs/Ge interface and ii) the concentration dependent diffu-
sion related to vacancies was found to extend deeper into Ge showing lower
As concentration [99].
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Figure 4.9. Low temperature (T=9 K) photoluminescence from
an undoped GaAs layer on Ge and from a Si doped n-GaAs layer on
Ge. The different transitions due to the impurities are identified.
The peak around 1.45 eV of the undoped GaAs layer has been
multiplied by 25 for clarity.
5 Applications
The germanium substrates have several applications in micro- and opto-
electronics. GaInP/Ga(In)As/Ge three-junction solar cells with conversion
efficiency around 31 % under space-solar spectrum (AM0, 1-sun) are among
the most important applications currently in production [100–102]. Prior to
the three-junction solar cells in early 1990’s several scientific groups stud-
ied single-junction cells based on the GaAs/Ge structure [19, 103, 104].
After Weyers et al. [105] discovered the large band gap bowing effect of
GaAsN and Kondow et al. [106] introduced a novel GaInNAs compound,
several propositions and studies of multi-junction solar cells were presented
on both GaAs and Ge substrates [107–110]. However, the difficulty of short
minority-carrier diffusion lengths in GaInNAs must still be overcome to
gain high, over 40 %, conversion efficiencies [111]. Light emitting diodes
(LEDs), laser diodes and micro cavity LEDs on germanium have also been
demonstrated [112–114]. The results are well comparable and close to those
from the GaAs-based components, despite the fact that relatively little ef-
fort have been placed into the research of light emitting components on Ge.
However, expeditiously growing LED based lighting technology including
traffic lights and tail lights for cars etc. demand lower costs. Ge provides
a small strain reduction for the GaInNAs structures. The strain reduction
using intermediate layers is found to improve the optical quality of dilute
nitride materials [115]. Also Ge has higher thermal conductivity than GaAs
and enables more efficient cooling. However, the rather small band gap of
Ge prevents bottom-emitting solutions for wavelengths below 1.88 µm fab-
ricated on Ge which is transparent material only at longer wavelengths.
Also high performance InAs Hall sensors have been epitaxially manufac-
tured on Ge [116]. In radiation detectors Ge is widely used because of
its advantageous physical properties. The detector applications are more
closely presented in chapter 5.1. In chapter 5.2 dilute nitride GaAsN layers
and GaInNAs quantum well structures grown on Ge having luminescence
on telecommunication wavelengths are introduced.
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5.1 Radiation detectors
In radiation detectors germanium is used as an intrinsic (i) region. Under
reverse bias an electric field is used to deplete the i-region. Arriving pho-
tons interact with Ge producing electrons and holes. The charge carriers
are transported to the n- and p-electrodes and converted into a signal. The
germanium detectors are particularly sensitive to high energy, i.e., short
wavelength radiation such as X-rays and gamma rays. Germanium is avail-
able with very high crystal quality with a zero etch pit density (EPD) and
a very low impurity concentration of the order of about 1010 cm−3. This
enables long carrier lifetimes and full depletion with low bias voltages. Also
good energy resolution can be obtained as Ge has low electron-hole pair
creation energy due to the relative low band gap of 0.66 eV. High-purity
germanium is grown by the Czoralski-technique where the impurity con-
centration is controlled via dislocation density. Too small a dislocation
density (less than 100 cm−2) can hinder the annihilation of excess vacancies
during the cooling after solidification and leads to hole trapping centres.
Too large a dislocation density (more than 10000 cm−2) leads to charge
trapping by dislocations themselves. This is the reason that a higher dislo-
cation density is often found in high-purity Ge substrates than in conven-
tional ones. In radiation imaging often high-spatial resolution is required
but conventional germanium fabrication processes do not enable finely seg-
mented structures [117]. A GaAs layer on Ge as an n- or p-type contact
would enable these finely segmented detector matrixes to be fabricated by
patterning the GaAs layers. Separate p- and n-type GaAs layers could be
grown in the opposite sides of the Ge wafer to form a p-i-n structure. The
electrical properties of the Ge-GaAs heterojunctions were already studied
in early 1960’s by R. Anderson by growing Ge on GaAs substrates [118].
Later S. Strite et al. have studied the electrical properties of the Ge/GaAs
structures by growing Ge layers on GaAs substrates for transistor appli-
cations [1] and M. Hudait et al. [119] studied MOVPE grown n-GaAs/n-
Ge heterojunctions using Au-n-GaAs/n-Ge/Au-Ge/Au Schottky-junctions.
Due to the relatively narrow band gap of Ge thermal generation of charge
carriers must be limited by cooling the detectors. Liquid nitrogen at the
temperature of 77 K is usually suitable to reduce the reverse-leakage cur-
rent to an acceptable level. In publication VIII current-voltage (I-V) curves
from the detector matrixes were measured. N-type GaAs layers doped with
Si were grown on Ge wafers and processed into pixel detector structures.
The I-V measurements were performed by applying a voltage to the un-
patterned bottom side with a Au contact and the pixel and a surrounding
guard ring were hold at ground potential. Simultaneously the current from
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the pixel was measured. Fig. 5.1 shows the structure and two measurements
performed at room and at liquid nitrogen temperatures. At 77 K very low
leakage currents of about 10 pA were obtained for a 0.3 mm2 pixel at reverse
bias of 100 V.
However, for the detector structures the diffusion of As into the Ge substrate
is problematic. Because very high-purity Ge material is used, the forma-
tion of shallow As doped n-type germanium material in the direct vicin-
ity of GaAs/Ge interface is quite unavoidable. In publications I and VIII
very similar results concerning As diffusion into Ge were obtained from sec-
ondary ion mass spectrometry and from I-V measurements as a function of
etching depth of the mesas. Low growth temperature was found to hinder
the concentration dependent diffusion effectively reducing the overall diffu-
sion depth. However, concentration independent diffusion element was still
found to cause high As concentrations very close to the interface. In our
recent experiments arsenic has been appropriately diffused into Ge wafers in
the MOVPE reactor and the pixel structures have been manufactured into
this As-diffusion doped germanium. The detector resolution is measured to
be excellent 220 eV at 5.9 keV and 400 eV at 60 keV.
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Figure 5.1. Schematic structure and I-V-curve of a GaAs/Ge
matrix detector pixel measured at room temperature and at liquid
nitrogen temperature.
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5.2 GaAs based nitride compounds on Ge
Incorporation of nitrogen into GaAs material affects differently on the phys-
ical properties of GaAs than in conventional semiconductor alloys. The
unusually strong behaviour of the band gap Eg as the composition of N is
altered, know as band gap bowing effect enables telecommunication wave-
lengths up to 1.55 µm using GaInNAs compounds [105, 106]. The band
gap of AByC1−y semiconductor compounds is well described by the equa-
tion 5.1. For the most semiconductor compounds the band gap change from
the AB properties to the AC properties is almost linear and the bowing pa-
rameter b is less than 1 eV. However, for the GaInNyAs1−y compound b is
composition dependent and is of the order of 25 eV below y<0.01 and about
16 eV for larger values of y [120–122].
E(AByC1−y) = (1− y)EAC + yEAB − by(1− y) (5.1)
Already a small amount, less than 1 %, of nitrogen causes a large redshift
to the band gap, increases the effective electron mass [123, 124] and de-
creases the electron mobility of GaAs [111]. These anomalous properties
of dilute nitride layers are understood through large electronegativity and
size differences of As and N atoms. The covalent radii are 0.12 nm and
0.07 nm for As and N, respectively. The larger electronegativity of a ni-
trogen atom compared to As makes the Ga-N bond more polar favouring
electron localisation around the nitrogen atom.
Fig. 5.2 illustrates the band gap vs. the lattice constant of relevant semi-
conductor materials including GaN compound. Only the variation of Eg for
GaAs1−yNy and Ga1−xInxNyAs1−y compounds are shown by bowed lines for
clarity. The figure shows that Ga1−xInxNyAs1−y material can be grown on
Ge substrates lattice matched, compressively strained or tensile strained.
However, difficulties arise as the solubility of nitrogen into GaAs based
compounds is very limited [105, 125]. The growth of lattice matched layers
(x ≈ 3y) is especially important for solar cell structures on Ge [108, 126] and
on GaAs [109], as thick layers are necessary. For long wavelength (1.3 µm)
laser components compressively strained Ga1−xInxNyAs1−y QW layers with
x ∼ 10− 35 % and y ∼ 1− 3 % on GaAs are successfully used [127–131]. In
publication VII new approach achieve long wavelengths using dilute nitride
QWs on Ge was introduced.
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Figure 5.2. Band gap vs. lattice constant of relevant III-
V compounds including dilute nitride materials and GaN. The
strong band gap bowing of nitrogen containing GaAs compounds
is shown and patterned area describes possible compounds of
Ga1−xInxNyAs1−y material.
Several models have been proposed to describe the electronic structure of
GaInNAs. In this study a band anticrossing (BAC) model was used to
estimate the nitrogen compositions. The BAC model was presented by
Shan et al. in 1999 and despite its simplicity it can explain III-V-N phe-
nomena successfully [132]. In the BAC model the strong interaction between
the conduction band (CB) and a narrow nitrogen introduced resonant band
leads to a splitting of the CB into two subbands E−/E+ and a reduction of
the overall band gap energy. The incorporation of N into InGaAs quantum
wells (QWs) on Ge was studied in publication VII and compared to the
similar structures grown on GaAs substrates. The results indicated a more
efficient solubility of nitrogen into the layers grown on Ge than into those
grown on GaAs substrates. Effects of lower surface temperature and strain
compensation on Ge were suspected as the major contributions enhancing
nitrogen incorporation compared to the structures on GaAs.
Comparison of nitrogen solubility was also recently done for GaAsN layers
where the strain compensation is reversed to favour the GaAs substrate
but the growth temperature difference remains the same (i.e., likely favours
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Figure 5.3. 004 angular space map of GaAs-GaAs0.996N0.004 struc-
ture grown on misoriented Ge substrate measured the step edges
parallel to the diffraction plane (i.e. parallel setup). The intensity
doubles between adjacent contours.
the Ge substrate). The studies strengthen the previous proposals as no
measurable difference of nitrogen incorporation was noticed for the Ge and
GaAs substrates. Fig. 5.3 shows a 004 angular space map and Fig. 5.4
shows a 004 ω − 2θ diffraction curve of a studied GaAs-GaAsN structure
grown on Ge. Both measurements were done in the direction of the step
edges ,i.e., parallel X-ray diffraction setup. Fig. 5.4 also shows a 004 ω− 2θ
diffraction curves of the same structure grown simultaneously on GaAs and
a simulation of GaAs0.996N0.004/GaAs/Ge structure with layer thicknesses
of 364 nm and 285 nm, respectively.
In publication VI creation of misfit dislocations on GaAsN layers as function
of the N composition and layer thickness on GaAs substrates was studied.
For a 500 nm thick GaAsN layer on GaAs with nitrogen content of 0.9 %
few misfit dislocations were detected. However, when grown on Ge similar
amount of misfit dislocations were observed for the GaAsN/GaAs/Ge struc-
ture with nitrogen content of 0.4 % and GaAsN layer thicknesses of 364 nm.
This is due to the additional strain induced both by the Ge substrate and
the 285 nm thick GaAs buffer.
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Figure 5.4. Topmost curve shows a 004 HRXRD diffraction curve
of the GaAs-GaAsN epitaxial layer on misoriented Ge substrate
measured in the parallel setup. The dotted line shifted downwards
for clarity shows a simulation of a 285 nm thick GaAs and a 364 nm
thick GaAs0.996N0.004 layer on Ge. In addition, the lowest curve
shows an 004 HRXRD diffraction curve of the structure on a GaAs
substrate.
The growth of the GaInNAs QW in publication VII was performed us-
ing two MOVPE equipments. A GaAs buffer was grown in the 3×2" ver-
tical CCS reactor and the dilute nitride layers in the horizontal reactor.
The following results were completed using the CCS reactor and performed
entirely in a single growth run. The growth cycles consist of a 200 nm
thick GaAs buffer and 3×Ga0.83In0.17NyAs1−y/GaAs (6 nm/15 nm) QW
structure grown at 575◦C. The results concerning nitrogen incorporation
efficiency favouring Ge over GaAs were well congruent with the results pre-
sented in publication VII. Fig. 5.5 shows room temperature PL measure-
ments of the Ga0.83In0.17NyAs1−y multi-QW structures with different nitro-
gen contents. Intensities have been scaled to make the figure clearer and the
scaling factors are shown below each spectrum. The indium content of the
samples was determined from XRD analyses to about 17 %. The spectrum
of the InGaAs sample on the right shows the narrowest spectral width but
the highest intensity is observed from the nitrogen sample with low nitrogen
content. This is due to the larger conduction band offset, which provides a
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Figure 5.5. Room temperature photoluminescence of three 6 nm
thick Ga0.83In0.17NxAs1−x quantum wells with 15 nm thick GaAs
barrier grown on Ge with 190 nm thick GaAs buffer. The x varies
from 0 to about 0.05. Different factors have been used to make
figure clearer and are shown within each spectrum.
higher quantum confinement in a GaInNAs QW than in a InGaAs QW [133].
As more nitrogen is introduced, the spectra are redshifted and due to the
increased density of crystal defects the PL intensity is decreased [134].
In Fig. 5.6 the nitrogen content vs. PL photon energy is showed for the
Ga0.83In0.17NxAs1−x samples. The nitrogen content was estimated from
the BAC model. Also the samples discussed in publication VII with the
indium content of 20 % are shown in the figure. The sample with pho-
ton energy of about 0.79 eV, (i.e. 1.56 µm) shows nitrogen incorporation
of about 5 %. The nitrogen content is considered fairly high because in
the MOVPE technique the incorporation of nitrogen into InGaAs layers is
even more difficult than into the GaAs layers. The overall reason for the
low incorporation efficiency of nitrogen into InGaAs is suspected to be the
surface segregation of indium that creates surface layer with excess indium
enhancing desorption of nitrogen adatoms [126, 135]. Fig. 5.7 shows the
effect of the DMHz/TBAs molar flow ratio on the nitrogen incorporation.
The relative TBAs/III molar flow ratio is also shown in the parentheses
next to each data point in the figure. With higher DMHz flows a smaller
TBAs/III molar flow ratio is enough to protect the surface. This enables
raising the DMHz/TBAs molar flow ratio by decreasing the TBAs flow.
However, GaInNAs layers have a very narrow growth window for V/III in-
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Figure 5.6. Calculated nitrogen contents using BAC model vs.
photon energy of GaInNAs quantum wells grown on Ge. The strain
for the calculations is derived from the HRXRD measurement.
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Figure 5.7. Effect of DMHz/V molar flow ratio into nitrogen in-
corporation in GaInNAs quantum wells grown on Ge. The nitrogen
incorporation is derived from the BAC model.
put ratio [134]. In our experiment decreasing the TBAs/III molar flow ratio
below 2.5 caused poor crystal quality due to too weak surface protection. It
is noteworthy that to introduce few percentages of nitrogen into the layer
over 90 % of the total group V gas flow has to be DMHz.
6 Summary
The growth of compound semiconductors on Ge substrates using MOVPE
technique was studied. Nucleation and initial growth phases of InAs, In-
GaAs and GaAs were inspected by AFM. The growth of GaAs on Ge be-
gins by forming three-dimensional islands, which coalesce and form two-
dimensional layer if the growth is continued. By adjusting the growth pa-
rameters the size, density and uniformity of the coalescence islands can be
affected. Significant effort was conducted into optimisations of the growth
parameters that favour high areal density and uniformity of the island. The
island density has exponential dependency on the growth temperature and
is most effectively enhanced by lowering the growth temperature. Using
growth temperature below 550◦C high island densities over 1010 cm−3 can
be obtained. For the high island density the coalescence of the GaAs is-
lands occurs at small and uniform size and smooth two-dimensional surface
is obtained already with small layer thicknesses. To achieve the optimised
growth conditions also the input V/III ratio and the growth rate must be
carefully chosen. The growth temperature also effects the reconstruction of
the germanium surface by controlling the dimerisation. Additive dimerisa-
tion is found for the growths initiated above about 600◦C and displacive
for the growths initiated at lower temperatures. The formation of APDs is
prevented if one dimerisation is dominant and the Ge surface has a double
step configuration. The double step configuration is obtained using a few
degrees misoriented substrate towards 〈111〉.
The detailed HRXRD analyses of GaAs/Ge (100) heterostructures are com-
plicated due to the formation of the tilt angle between the (100) lattice
planes of Ge and epitaxial GaAs. However, using the parallel setup, pre-
sented in this work, scans containing information of the whole structure
are successfully obtained. In the parallel setup the X-ray diffraction plane
is parallel to the step edges of the Ge substrate and the sample is rotated
in the direction of the step edges normal according to the amount of the
misorientation. In the HRXRD and in the synchrotron X-ray topography
analyses the crystal quality of the grown GaAs/Ge structures was found
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nearly perfect and a very low dislocation density of 250 − 500 cm−2 was
measured from the topographs of a 650 nm thick GaAs layer. GaAs and
Ge have a small lattice constant separation of 0.07 % resulting in strain
between Ge and GaAs layer. Small number of misfit dislocations was found
in the SXT analyses for the 750 nm thick GaAs layer grown at low growth
temperature of 575◦C. The critical thickness of about 700 nm is above what
is conventionally expected for the GaAs/Ge system. The enhancement in
the critical thickness is because of the low growth temperature resulting in
smaller thermal stress.
Germanium is an excellent material choice for short wavelength detector
applications due to its physical properties and to its availability to fabri-
cate as a very high-purity material. However, conventional manufacturing
processes do not alloy finely segmented detector structures on Ge. To gain
such novel structures arsenic was appropriately diffused into the Ge wafers
in the MOVPE reactor. This enables manufacturing the pixel matrices into
germanium. The pixel detector resolution is measured to be as excellent as
220 eV and 400 eV at 5.9 keV and 60 keV, respectively.
The incorporation efficiency of N into GaInAsN quantum well layers is very
low. However, in the new approach were Ge substrates are used instead of
GaAs substrates the incorporation efficiency of N was found to be more ef-
fective. This enhancement results from the small strain compensation intro-
duced by Ge. The low growth temperature of 575◦C and the low TBAs/III
ratio of 2.7 were used to obtain the long wavelength luminescence maximum
1.56 µm from Ga1−yInyNxAs1−x QWs on Ge with a In composition y = 0.17
and a high N composition x = 0.05.
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